Introduction
Microbes are the dominant form of life in the oceans, playing fundamental roles in ecosystem functioning and biogeochemical processes on local and global scales [1] [2] [3] [4] . However, limited knowledge of their diversity and community structure across space and time [5, 6] hinders our understanding of the links between microbial life and ecosystem functioning [7] . During the last decade, technological progress in molecular ecology and environmental sequencing has substantially boosted our understanding of marine microbes, unveiling notable patterns of abundant and rare subcommunities [4, 8, 9] , reminiscent of patterns observed in classical plant and animal ecology [10] . The recently discovered large amount of rare taxa in microbial communities is now referred to as the ''rare biosphere'' [11] , and its exploration is made feasible today by means of high-throughput sequencing (HTS) technologies [12] .
Abundant and rare microbial subcommunities may have fundamentally different characteristics and ecological roles. For example, rare marine microbes are hypothesized to include ecologically redundant taxa that could increase in abundance following environmental perturbation or change and maintain continuous ecosystem functioning [13] . Locally rare taxa can also act as seeds for seasonal succession or sporadic blooms. Conversely, the drastic decrease in abundance or even extinction of a globally abundant oceanic microbe with no ecologically comparable counterpart in the rare biosphere could have significant and unpredictable effects on the global ecosystem. Most of the studies to date *Correspondence: ramiro.logares@gmail.com that have differentiated between abundant and rare marine microbial subcommunities concern bacteria. Abundant bacteria contribute mostly to biomass, carbon flow, and nutrient cycling, whereas the generally large numbers of rare bacteria contribute predominantly to species richness [9] . Different strategies are observed among rare bacteria, such as dormant or inactive taxa that grow exponentially when the right conditions are met [8, [14] [15] [16] or taxa that seem to remain members of the rare biosphere [15, 17] even when they have high relative metabolic activity. Rare bacteria may perform crucial ecosystem functions [18] , and some of them can be metabolically more active than abundant taxa in the same community [14, 15] . Both abundant and rare bacteria can present similar biogeographic patterns [17, 19] , indicating similar community assembly mechanisms.
Compared to bacteria, we know even less about abundant and rare marine microbial eukaryote (protist) subcommunities, Tables S1, S2, and S3; Figures S1, S2,  and S4. and, overall, marine protists remain one of the least-explored features of natural biodiversity [20] . Recent studies using 454 pyrosequencing [12] recovered few dominant protist taxa and a large number of rare ones from specific marine and freshwater communities [21] [22] [23] [24] [25] . Little information is available regarding protist metabolic activity. A recent study comparing rRNA/rDNA ratios (a proxy of microbial activity) in freshwater lakes suggested that, in contrast to bacteria, dormancy does not play an important role in planktonic protist communities [14] . Here, we explore fundamental patterns of rare and abundant marine planktonic protistan subcommunities occurring along the European coastline, from the North Sea (Norway) to the Black Sea (Bulgaria) ( Figure 1A ). Using Illumina [12] and, to a more limited extent, 454 HTS platforms, we generated a large data set of both 18S rRNA and rDNA tags based on total RNA and DNA extracts from three organismal size fractions: the picoplankton (0.8-3 mm), nanoplankton (3-20 mm), and microplankton/mesoplankton (20-2,000 mm) [3, 26] . The wide geographical and organismal scales of this data set, combined with ultra-deep sequencing, allowed us to address the following main questions. Are the relative proportions of abundant and rare protist subcommunities fluctuating across space and time? What structural and biogeographic patterns are observed in these subcommunities? Do locally abundant taxa tend to be regionally abundant? Are there specific phylogenetic and activity patterns associated with abundant and/or rare marine protistan subcommunities? We found that abundant and rare assemblages present contrasting structuring patterns and phylogenetic characteristics, despite a remarkable consistency in their relative proportions across individual samples. Furthermore, rare subcommunities included a large number of predominantly active lineages that presented biogeography.
Results

General Patterns of Richness and Evenness
Unless stated otherwise, our results are derived from the Illumina V9 18S rRNA tag data set clustered into 95% similarity operational taxonomic units (OTUs ; Table S1 available online) and prepared using RNA extracts. The 95% threshold was selected for all downstream analyses in order to minimize any inflation of diversity estimates [27] caused by remaining tags (if any) with misincorporated nucleotides. In the local community, we defined OTUs as ''abundant'' when they reached relative abundances above 1% of the tags and ''rare'' when their abundances were below 0.01%, following other studies in bacteria [9, 17] and protists [25] . In the regional community (combination of local communities), the thresholds for abundant or rare OTUs were >0.1% and <0.001%, respectively. In addition, we tested a 97% OTU clustering threshold, and comparable patterns regarding proportions of locally abundant and rare subcommunities were obtained (Table S2) .
In total, w72% of all OTUs were found only in a single size fraction: the picoplankton, nanoplankton, or microplankton/ mesoplankton ( Figure S1 ). Similarly, w75% of the rare OTUs and w62% of the abundant OTUs in the regional community were restricted to a single organismal size fraction. This indicates that our seawater filtering protocol, which was used to separate total plankton communities into three distinct organismal size fractions, was effective.
In rarefaction analyses, considering all reads (5.69 3 10 6 ) and samples from the regional community, richness (based on 95% similarity OTUs) approached saturation at w9,000 OTUs ( Figure S2 ). OTU richness also approached saturation in most local communities (800-3,000 OTUs; Figure S2A ). The highest richness was observed in the nanoplankton (4,786 OTUs after normalization), and the lowest richness was observed in the microplankton/mesoplankton (2,941 OTUs; Table 1 ). Evenness was low in the regional community, within different size fractions, and in all studied local communities ( Figures S3A, S3B , and S4), with the majority of OTUs being rare and only a few being abundant. In the regional community, considering both pooled and separate size fractions, abundant taxa made up <3.5% of the total OTUs, whereas rare taxa made up >63.4% of the OTUs (Table 1) . When considering pooled normalized size fractions, the percentage of total reads falling into rare OTUs in the regional community was 1.1% (20,000 reads), whereas the percentage of total reads falling into abundant OTUs was 80.7% (1,448,079 reads).
Overall, a total of 20 out of 23 analyzed samples fitted the log-normal model [10, 28] of species abundance distribution (SAD), according to the Akaike's information criterion [29] ( Figure S4 ). Assuming a log-normal distribution, we fitted our regional community data to the truncated Preston log-normal model [10, 30] (Figure S5A ) and estimated that we recovered 64%-67% of the OTUs in the European coastal region ( Figure S5B ). Therefore, even though our deep Illumina sequencing approach recovered the majority of OTUs from our sample set, extra sampling effort is needed to recover the total richness of the studied area.
Community Structure across Space, Time, and Organismal Size Fractions The proportions of locally rare (<0.01%) and abundant (>1%) OTUs (by our definition) were relatively constant across communities ( Figure 1B ; Table S1), with ranges of 66.2%-76.6% for rare OTUs and 0.9%-2.7% for abundant OTUs (Figure 1B ; Table S1 ). Reads corresponding to locally abundant OTUs represented on average 70.1% (SD = 9.5) of the data set, whereas reads corresponding to rare OTUs represented on average 1.9% (SD = 0.7) ( Figure 1B) . b diversity (as described by Bray-Curtis dissimilarities between samples) within rare and abundant regional communities (i.e., pooled rare or abundant subcommunities) showed a moderate but significant correlation when considering normalized OTUs from all size fractions together (Mantel test: r (abundantjrare) = 0.73; p < 0.001) and within the picoplankton (Mantel test: r (abundantjrare, 0.8-3) = 0.69; p < 0.05). The correlation was weaker, but still significant, in the nanoplankton and microplankton/mesoplankton (Mantel test: r (abundantjrare, 3-20) = 0.44; r (abundantjrare, 20-2,000) = 0.46; p < 0.05). These correlations indicate that some abundant and rare taxa share similar biogeography. However, the abundant regional community was structured mostly by size fraction because the OTU composition of abundant microplankton/mesoplankton was more similar among samples of this fraction than to any sample of the picoplankton and nanoplankton ( Figure 2A ). In contrast, the rare regional community was mostly structured by sampling site, with samples from different organismal size fractions but from the same site being normally more similar in OTU composition when compared to samples from other sites (Figure 2A ). Network analyses provided further insight into these patterns by showing that within the abundant regional community, the smaller size fractions (picoplankton and nanoplankton) shared more OTUs between them than in the larger size fraction (microplankton/mesoplankton; Figure 2B). In contrast, the rare regional community network showed that several OTUs were unique to single samples and that the few shared OTUs tended to be shared among samples of the same site ( Figure 2B ). Further exploration across samples of OTUs that were locally abundant in at least one sample (total 175 OTUs) showed that none of them presented abundances >1% in all samples. In analyses of individual size fractions, most OTUs with abundances >1% were abundant at a single site/sample ( Figures 3A-3C ) and were often rare or of intermediate abundance elsewhere. Only one OTU within the fraction 3-20 mm displayed abundances >1% in all samples ( Figure 3B ).
Phylogenetic Patterning of Abundant versus Rare Regional Communities
The constructed phylogeny contained 11 reference OTUs that exclusively represented regionally abundant OTUs, 107 reference OTUs that represented both regionally abundant and rare OTUs, and 1,225 reference OTUs that exclusively represented regionally rare OTUs (Figure 4 ). Whereas the majority of the regionally abundant OTUs had relatively close evolutionary relatives among the rare OTUs, the majority of the regionally rare OTUs had no close evolutionary relatives among the abundant OTUs. Comparisons (using BLAST) of Illumina representative reads from abundant and rare OTUs against each other supported this pattern. About 90% of the abundant OTUs (n = 154) produced significant BLAST hits against the rare OTUs (i.e., hits with coverage >97% and identity >70%), whereas only about 31% of the rare OTUs (n = 5,329) produced significant hits against the abundant OTUs. Faith's phylogenetic diversity (PD) measure [31] was higher in the rare regional community when compared with the abundant community at a similar sampling depth (Figure 4B ). Both the mean phylogenetic distance (MPD) and the mean nearest taxon distance (MNTD) [32] indicated that regionally abundant OTUs included in the phylogeny (n = 118) clustered together at a higher frequency than what was expected by chance ( Figure 4C ). Such a pattern is expected to occur when the environment selects related taxa that share favorable traits [32, 33] . Conversely, the MPD and MNTD among regionally rare OTUs (n = 1,332) did not present deviations from a random distribution ( Figure 4C ).
Activity versus Abundance
In order to check to what extent the community and phylogenetic patterns described above are due to the use of RNA tags and not DNA tags, we analyzed 15 samples for which both DNA-and RNA-based tags (V4 18S, 454 tags) were obtained. The relative abundance of OTUs in the regional community that were present in both the DNA and RNA data sets showed on average a nearly 1:1 relationship ( Figure 5A ). Both the DNA and RNA recovered a number of OTUs that were consistently rare or abundant in the regional community ( Figure 5A ). However, some OTUs were rare in the regional community according to the DNA data set but showed intermediate abundances within the RNA data set and vice versa. Approximately 25 OTUs were disproportionately underrepresented by RNA tags ( Figure 5B , gray area), suggesting low activity or large numbers of rDNA copies in the genome. On the contrary, w20 OTUs were disproportionately overrepresented by RNA tags, which may result from high ribosomal activity ( Figure 5B , yellow area).
Discussion
Marine microbial eukaryotes constitute arguably the most poorly characterized biodiversity component in the biosphere [20] . Here, we provide new insights into the structural and phylogenetic organization of their communities by using the first ultra-deep sequencing data set of 18S rRNA tags extracted from surface picoplankton, nanoplankton, and microplankton/mesoplankton collected from six marine coastal locations across Europe. Illumina sequencing of >150 million V9 rRNA amplicons followed by highly stringent sequence quality filtering allowed us to approach richness saturation (OTUs 95%) in both the entire regional community and in most local communities, thus allowing the exploration of the rare protist biosphere. The highest richness was observed in the proximity of the smallest cell sizes (in the nanoplankton), thus resembling patterns observed in animals by early ecologists [34, 35] . We estimate a recovery of w64% of the total number of OTUs in the entire region; therefore, more samples are required to cover the total diversity of European coastal waters. As observed in aquatic prokaryotes [9] , most of the recovered OTUs (>63.0%) belonged to the rare biosphere. Because we used RNA as template, we can attest that these OTUs represent living, ribosomically active cells. Despite the strong spatiotemporal variability characterizing marine coastal waters and the different b-diversity among sites, the proportion of locally rare and abundant taxa was remarkably constant across all sampled communities. This pattern suggests community self-organization arising from local species interactions, with the observed regular proportions representing stable community configurations [36] . Given this striking consistency observed in our data, we hypothesize that in other marine planktonic communities, >70% of protist OTUs are rare as well. However, note that rarity was analyzed according to one preexisting definition; future studies should explore multiple definitions in order to determine which one is the most meaningful [10] .
OTUs (ABUNDANT [>1%] IN AT LEAST ONE SAMPLE) ABUNDANT (>1%) INTERMEDIATE RARE (<0.01%)
Both the abundant and rare regional communities demonstrated contrasting patterns regarding their general structure. The abundant regional community was predominantly structured by organismal size fraction, whereas the rare regional community was structured mostly according to geographic site. On the one hand, size fraction structuring reflects the fact that-excluding protists with complex cell cycles, ontogenic processes, or cell shapes and colony forms markedly distinct from a sphere-most taxa have rather constant cell sizes. On the other hand, site-associated clustering indicates that the differences among communities from different sites are larger than the differences among size fractions within the same site. Such groupings of the rare picoplankton, nanoplankton, and microplankton/mesoplankton were generated by only a few OTUs that were present in only one site and were shared between the large and smaller size fractions. These OTUs could represent low-abundance protists with life cycles that involve different cell sizes, different lifestyles (host associated or not), and issues related to a nonoptimal size fractionation during filtering. Site-associated clustering can be promoted by historical contingencies occurring in different communities, such as local random extinctions or stochastic immigration events [37] , which are expected to have a larger impact on rare subcommunities, making them generally more distinct among each other than their abundant counterparts.
Even though abundant and rare regional communities presented a markedly different general structure, we found a moderate but significant correlation in their b diversity that points to similar biogeography for some rare and abundant taxa. This suggests that similar structuring processes can affect both abundant and rare subcommunities and that the rare protist biosphere is not a random collection of taxa. Comparable results have been reported for marine and lacustrine prokaryotes [17, 19, 38] .
Underlying the b diversity patterns at the regional level, locally abundant (>1%) OTUs within the picoplankton, nanoplankton, and microplankton/mesoplankton showed marked variations in relative abundance among samples. Note that in (B) and (C), sequences that represented both abundant and rare OTUs (''shared'') were considered to be within both the abundant and rare data sets.
samples. In addition to reflecting strong fluctuations in protistan abundance across heterogeneous coastal locations or seasonality in the same site [23, 39] , this pattern points to a general decoupling between local and regional abundances because most OTUs that are abundant in only one location will not be regionally abundant. Finally, the rare protistan biosphere presented a distinctive phylogenetic composition, with a significant proportion of rare OTUs phylogenetically unrelated to abundant ones. In particular, several clades contained exclusively rare OTUs that were relatively distantly related in phylogenetic terms to the nearest abundant taxon. Although we cannot ignore the fact that some taxa from these exclusively rare clades may be abundant in other locations or seasons, the overall pattern suggests that permanent or semipermanent rarity (achieved, e.g., through a low cell-division rate) may be an evolutionary trait of some marine protist groups. Avoidance of competition, predation, and parasitism are potential advantages of a low-abundance life [8] , which could evolve through negative frequency-dependent selection [40] . On the contrary, rare OTUs in the regional community that were phylogenetically closely related to abundant ones could represent intragenomic variation or erroneous variants of abundant OTUs generated during PCR or sequencing [41, 42] , although we minimized this bias by working with a relatively loose definition of OTUs at 95% similarity threshold [27] . The structuring of the abundant regional community seems to have been influenced by environmental selection of evolutionary-related taxa presenting favorable traits because abundant taxa were phylogenetically more closely related than expected by chance [32, 33] . Our comparison of rRNA-versus rDNAderived OTUs indicated that both types of markers are broadly positively correlated, supporting the hypothesis that low metabolic activity or dormancy is not common among planktonic microbial eukaryotes [14, 43] . Thus, metabolically active taxa likely prevail in the protistan rare planktonic biosphere. In addition, rRNA/rDNA comparisons suggested that disproportionately high activity is unusual in planktonic protists. Altogether, this contrasts markedly with planktonic bacteria, in which dormancy appears to be more prevalent [9, 14] and in which, for some taxa, activity can increase as abundance decreases [15] .
Conclusion
Overall, our results indicate that marine planktonic protist communities are composed of predominantly active abundant and rare subcommunities with contrasting structuring patterns and phylogenetic characteristics, which nevertheless display striking consistency in their local relative proportions, even in dissimilar coastal waters. Further analyses of protist community structuring in contrasting oceanic biomes will provide a wider test of the patterns we found in European coastal waters, contributing altogether to a better understanding of the community organization mechanisms in microbial eukaryotes and their links to local and global ecosystem functioning.
Experimental Procedures
Sampling and Illumina or 454 Sequencing Surface (<5 m depth) seawater samples were collected from six European coastal offshore sites: Blanes (Mediterranean), Gijon (Bay of Biscay), Naples (Mediterranean), Oslo (North Sea/Skagerrak), Roscoff (English Channel), and Varna (Black Sea) ( Figure 1A ; Table S3 ). Picoplankton and nanoplankton samples were collected by using Niskin bottles. A total of 15-40 l of water was prefiltered through a 20 mm sieve and then sequentially filtered through polycarbonate membranes of 3 mm and 0.8 mm. Microplankton/mesoplankton samples were collected using a 20-mm-porosity plankton net, concentrating the samples by filtering water for 20 min. Then they were prefiltered through a 2,000 mm sieve and afterward filtered through a 20 mm polycarbonate membrane. Total RNA and DNA were extracted simultaneously from the three membranes. For Illumina GAIIx sequencing, hypervariable V9 18S tags were PCR amplified from cDNA obtained from RNA template, whereas V4 18S tags were PCR amplified from both DNA and RNA (cDNA) templates for 454-Titanium sequencing.
Sequence Analysis for Illumina Reads
A total of 23 samples was selected for downstream analyses (Table S1 ). For the forward reads (hereafter referred to as ''reads''), about 15 Gb of raw sequence data (100 bp reads) was produced (Table S1 ). Reads (minimum 90 bp) were quality checked by using a sliding 10 bp window, and each window had to have a Phred quality average > 34 to pass the control. The number of clean reads after quality control is shown in Table S1 . Qualitychecked reads were analyzed in QIIME [44] version 1.4. Reads were clustered into OTUs by using UCLUST version 1.2.22 [45] with a 95% similarity threshold. Chimeras were detected by using ChimeraSlayer [46] , with a reference database derived from PR2 [47] . Taxonomy assignment was done by comparing, using BLAST [48] , the most abundant (representative) sequence of each OTU against different reference databases, and unwanted OTUs (e.g., metazoa and prokaryotes) were removed. The final curated Illumina RNA data set included 5,696,049 reads.
Sequence Analysis for 454 Reads
We analyzed 15 samples for which both DNA and RNA V4 18S tags were sequenced (Table S4) ; these samples were also present in the Illumina data set (Table S1 ). All 454 reads between 200 and 500 bp were run through QIIME version 1.4. Reads were checked for quality by using a sliding window of 50 bp (Phred average > 25 in each window) and truncated to the last good window. Sequences were denoised by using DeNoiser version 0.851 [49] , as implemented in QIIME version 1.4, and then clustered into OTUs by using UCLUST version 1.2.22 with a 99% similarity threshold. Chimera detection and taxonomy assignment were done by using the Final OTU Tables  Single singletons and OTUs present in a single sample were removed from both Illumina V9 and 454 V4 OTU tables. For both data sets, we randomly subsampled OTU tables to the number of reads present in the sample with the lowest amount of reads. This value was 78,000 reads per sample for Illumina and 3,000 reads per sample for 454.
Ad Hoc Definitions of Rare and Abundant OTUs
OTUs were classified as abundant or rare in relation to their local and regional relative abundances. Locally abundant OTUs were defined as those with relative abundances >1%, and locally rare OTUs were defined as those with abundances <0.01%, following studies in prokaryotes [9, 17] and protists [25] . Regional relative abundances for specific OTUs were calculated as the average of local relative abundances for such OTUs across all samples, including zero values. The thresholds for defining abundant and rare at the regional level were arbitrarily defined as the local thresholds divided by a factor of ten. OTUs abundant in the regional community had a mean relative abundance of >0.1%, whereas regionally rare OTUs had a mean relative abundance of <0.001%.
Diversity Analyses
Most analyses were run in R [50] environment by using the packages Vegan [51] and Picante [52] . Rarefactions and species (OTUs) accumulation curves were calculated in Vegan. OTU networks were constructed in QIIME based on the subsampled OTU table and graphically edited in Cytoscape [53] using the layout ''edge-weighted spring embedded'' with eweights.
Mapping of Illumina Reads to Reference Sanger Sequences and Phylogeny Construction
Representative reads of regionally abundant or rare OTUs were mapped separately to a custom V9 18S rDNA Sanger reference database based on the PR2 [47] by using BLASTn. We used an e value <1 3 10 26 with a percentage of identity >90% to assign all abundant (n = 154) OTUs and 95% of the rare (n = 5,329) OTUs to reference taxa. The chosen parameters allowed for different OTUs to be mapped to the same Sanger reference taxa, and, for this reason, the final phylogeny had fewer taxa than the sum of abundant and rare OTUs. For phylogeny construction, we extracted the full-length 18S sequence corresponding to all reference V9. Sequences were aligned by using Mothur against the aligned SILVA 108 database (eukaryotes only). A maximum-likelihood reference tree (8,311 sequences) was calculated by using RAxML HPC-MPI version 7.2.8 [54] under the model GTR+CAT/G+I and checked against other phylogenies of marine protists [55] for consistency. The tree was pruned using the R package analyses of phylogenetics and evolution (APE) [56] to keep only those reference taxa that were hit by abundant or rare OTUs. We used the final pruned tree, including 1,343 Sanger sequences, to calculate the MPD and MNTD [32] with Picante. Phylogenetic diversity [31] was computed by using Picante. See more details on experimental procedures in Supplemental Experimental Procedures.
Accession Numbers
The accession numbers for the Illumina and 454 sequences reported in this paper are 4549916.3-4549968.3 and are publicly available at MG-RAST (http://metagenomics.anl.gov/).
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